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Introduction
The prevalence of overweight has increased for all age groups over the past decades in the Western world, including the elderly.
1,2 For adults, overweight is known to be associated with many health problems and decreases in life expectancy, 1, 3 but for the elderly the association is less clear. [4] [5] [6] [7] In clinical practice, body mass index (BMI) and to a lesser extent waist circumference (WC) are widely used measures to assess an individual's health risk. However, WC might be a better measure than BMI, given its relationship with harmful visceral adiposity. 8 This might be particularly important for the elderly since they have more visceral adipose tissue than younger adults for a given WC. 7, 8 Several studies have examined the association between WC and mortality risks in elderly people, but findings are inconsistent. 5, 6, [9] [10] [11] [12] [13] [14] For WC, three categories (men: <94 cm, 94-101 cm and 5102 cm, women: <80 cm, 80-87 cm and 588 cm) 15 have been defined to indicate the increasing health risk with increasing WC. 16, 17 However, associations between these WC categories and mortality have not been studied extensively in the elderly. One study reported in never smoking men aged 555 years an elevated all-cause mortality risk in the upper two categories (94-101 cm and 5102 cm) compared with the reference category (79-93 cm). 18 Furthermore, since BMI is the most commonly used anthropometric measure, it is important to assess mortality risks associated with WC categories, within BMI categories. By studying combined categories, a more complete picture of risks becomes available and insight is gained on the magnitude of relative risks with increasing WC or with increasing BMI categories, keeping the other measurement the same. This has previously been studied, but not by stratifying for all combinations of WC and BMI categories, and in a smaller population of elderly. 6, 12 Given the unclear association between WC and mortality in the elderly, especially when also considering BMI, and the ageing of the population, more research in a large elderly population is needed. This would provide an evidence base for application of these anthropometric indicators. To our knowledge, only data from single cohort studies with limited generalizability have previously studied this association. Therefore, the aims of this meta-analysis, which included over 58 000 people aged 65-74 years, were 2-fold. The first aim was to examine the association between internationally defined WC categories and all-cause and cause-specific mortality risks, within standard BMI categories. The second aim was to examine the association of WC as a continuous variable with lowest and increased mortality risks.
Methods

Data sources and searches
Studies were identified by a PubMed search from 1984 until 1 November 2010, by examining the reference lists of identified reviews, and by suggestions from colleagues. The following search strategy was used: waist, or WC, or abdominal adiposity in the abstract, title or in the Medical Subject Heading (MeSH), and mortality in the abstract, title or mortality in MeSH, plus either prospective or cohort. This search resulted in 202 abstracts. Additionally, all investigators from a previous collaboration were contacted, 19 and we searched on the website of the United States National Institute of Aging for eligible studies.
Study selection
Eligible studies were prospective cohort studies conducted in predominantly Caucasian populations. The studies had to include at least 400 people in the age range of 65-74 years at baseline, this ensured smaller studies were also included. WC, BMI and all-cause mortality had to be available. Additionally, it had to be possible to calculate hazard ratios [relative risks (RRs)] for a follow-up period of 5-8 years (preferably closest to 5 years). This follow-up range was chosen to ensure most subjects were still alive during follow-up, since life expectancy is about 80 years, 20 and also to reduce heterogeneity between studies. Also, baseline conditions tend to change considerably over a longer follow-up period.
In Appendix 1 (available as Supplementary Data at IJE online), a flowchart of the identified studies is presented. We identified 100 studies as possibly eligible for inclusion in our meta-analysis. The investigators of these studies received an e-mail with an explanation of the purpose of the study, an invitation for participation and a request to ensure their study would meet the inclusion criteria. No financial support was offered to participate in this meta-analysis. We could not find valid e-mail addresses for four investigators, thus 96 investigators were contacted by e-mail of whom 60 responded. Eighteen of these declined because the data did not fully meet the inclusion criteria. Fourteen investigators declined for financial reasons, due to lack of time or interest, or lost contact after initial response. Finally, 28 investigators responded from whom 29 cohort studies were included in the meta-analysis.
Data extraction
The investigators who agreed to participate were requested to perform Cox regression analyses to calculate RRs of mortality for WC as a categorical and continuous variable following a protocol with instruction. All analyses were stratified by sex.
For the combined WC-BMI categories, WC categories defined by Lean et al. and used in practice [15] [16] [17] (i.e. <94, 94-101, 5102 cm in men; <80, 80-87, 588 cm in women) and BMI categories underweight (<20 kg/m 2 ), 'healthy' weight (20-24.9 kg/m 2 ), overweight (25-29.9 kg/m 2 ) and obese (530 kg/m 2 ) were used. The investigators used a model to assess mortality risks for the 11 combined WC-BMI categories compared with the reference category ('healthy weight' and small waist) ( ). The models were first only adjusted for age and smoking status, and subsequently for BMI as well. All analyses were performed over a follow-up period of $5 years for all-cause mortality and, if available, for mortality from cardiovascular disease (CVD), cancer and respiratory disease (see Table 2 for definitions).
Additional analyses were performed for the models with WC as a categorical variable and WC as a continuous variable (with adjustment for BMI) for the following subgroups: subjects aged 65-69 years and 70-74 years; subjects aged 65-74 years; excluding mortality during the first 2 years of follow-up; excluding those with major chronic diseases (i.e. CVD, cancer and respiratory disease) at baseline; and only including never smokers.
The investigators were not asked to test the proportional hazard assumption for each requested analysis because it was considered too onerous. Nevertheless, the proportional hazard assumption was tested for each analysis in eight cohort studies and no violations were found [(global) test of Schoenfeld P40.05].
Descriptive statistics for each cohort (e.g. mean age, BMI and WC, number of subjects, total deaths, deaths from CVD, cancer and respiratory disease and percentage never smokers) were provided by the investigators.
Data synthesis and analysis
First, heterogeneity of the pooled RRs for the combined WC-BMI categories (received from the investigators) was tested by calculating the Cochran's chisquare, its P-value and the I 2 (percentage of variation across studies). 23 Heterogeneity in the continuous analyses was tested by a chi-squared test from the random effects model. 24 To account for any heterogeneity, a random-effects model was used for all models to pool the log RRs.
For the combined WC-BMI categories, the log RR for each WC-BMI category was pooled by a univariate meta-analysis. 24 For the continuous analyses, we used a bivariate meta-analysis to pool the log RRs with the variance of each term and the covariance between terms. 25 To assess the association between continuous WC and mortality, we tested if the regression coefficients for both terms were equal to 0. To plot a parabolic function between WC and mortality, the lowest risk was calculated by ÀEstimate WC /(2*Estimate WC 2 ) which was the reference point (RR ¼ 1.0) for the function. The RRs associated with the commonly used cut-points of 102 cm in men and 88 cm in women were reported. Also, the values of WC associated with a RR of 2.0 which we consider a clinically relevant increased mortality risk as supported by the National Cancer Institute. 26 For the continuous analyses without and with adjustment for BMI, we tested the effect of BMI by means of a meta-regression analysis. 24 
Results
The 29 cohort studies included 32 678 men and 25 931 women aged 65-74 years of whom, respectively, 3318 and 1480 died. Table 2 shows the characteristics of the included cohorts by sex.
For the cohort studies where the cause of death was known (n ¼ 24), the proportion of deaths assigned to CVD was 40.7% for men and 33.3% for women, the corresponding proportions for cancer were 38.7% and 45.1% and for respiratory diseases, 6.8% and 4.0%.
In general, there was no substantial heterogeneity in the analyses regarding the combined WC-BMI categories resulting in an I 2 < 17.5% (P40.22, for the chi-squared test) (Appendix 4, Figure 4 .1, 4.2, available as Supplementary Data at IJE online). Similarly, no substantial heterogeneity was found in the continuous analyses (P40.05 for the chi-squared test from the random-effects model (Appendix 4, Table  4 .1, available as Supplementary Data at IJE online).
Associations between combined WC-BMI categories and mortality For men and women, a large WC (5102 cm, men, and 588 cm, women) was associated with increased all-cause mortality RRs for those in the 'healthy' weight, overweight and obese BMI category compared with those classified as 'healthy' weight (20-24.9 kg/m 2 ) with a small WC (<94 cm, men and <80 cm, women) (Table 3) . Overall, we observed a tendency for lower all-cause and CVD mortality risks in the overweight category compared with the 'healthy' weight category within WC categories for both men and women (men: P all-cause ¼ 0.02, P CVD ¼ 0.03; women: P all-cause ¼ 0.18, P CVD ¼ 0.36), although the RR for overweight men with a small WC in the association with CVD mortality was higher compared with 'healthy' weight men with a small waist ( Table 3) .
The risks of all-cause, CVD and cancer mortality were (although not statistically tested) higher for those with a large WC compared with those having a medium WC, except within the obese category in the association with all-cause and CVD mortality, and for women within the 'healthy' weight category in the association with cancer mortality (Table 3) .
Underweight was associated with highest all-cause mortality RRs in men {2. Associations between WC as a continuous variable and mortality All-cause mortality We observed a J-shaped association between WC and all-cause mortality adjusted for age and smoking status (P < 0.01) with the lowest risk at 94 cm and 77 cm for men and women, respectively ( Figure 1A) . The cut-points of 102 cm in men and 88 cm in women were associated with all-cause mortality RRs of 1.03 (95% CI: 1.00-1.07) and 1.06 (95% CI: 0.97-1.15), respectively. An RR of 2.0 was associated with a WC of 132 cm in men and 116 cm in women ( Figure 1A ).
Cause-specific mortality
Mortality from CVD, cancer and respiratory diseases were all associated with WC adjusted for age and smoking status in both men and women (P 4 0.03) (Figure 1B-D) .
For CVD mortality, the lowest risk was at 89 cm and 63 cm for men and women, respectively. For men with a WC of 102 cm, the risk of CVD mortality was 1.11 (95% CI: 0.99-1.26) and for women with a WC of 88 cm this was 1.28 (95% CI: 0.92-1.77). An RR of 2.0 was associated with a WC of 123 cm in men and 105 cm in women ( Figure 1B) .
For cancer mortality, the lowest risk was at 73 cm and 74 cm for men and women, respectively. For men with a WC of 102 cm, the risk of cancer mortality was 1.13 (95% CI: 0.74-1.71) and for women with a WC of 88 cm this was 1.07 (95% CI: 0.90-1.27) ( Figure 1C ). We observed a U-shaped relationship between WC and mortality from respiratory disease for both men and women. The lowest risk was at 104 cm for men and 99 cm for women. For men with a WC of 102 cm, the risk of mortality from respiratory diseases was 1.00 (95% CI: 0.98-1.03) and for women with a WC of 88 cm this was 1.15 (95% CI: 0.85-1.57) ( Figure 1D ).
Associations between WC as a continuous variable and mortality with adjustment for BMI After adjusting for BMI, WC remained associated with mortality from all causes, CVD and cancer in both sexes, and with respiratory diseases in men but not in women. The curves for CVD mortality were similar to those that were not adjusted for BMI (P men ¼ 0.99; P women ¼ 0.62), but the curves for mortality from all causes (P men < 0.01; P women < 0.01) and respiratory diseases (P men < 0.01; P women ¼ 0.40) were shifted to the left for both sexes, and for cancer only in women (P ¼ 0.15). Thus, the lowest risks were at lower values of WC, and the RRs associated with a similar WC were higher after adjusting for BMI compared with the analyses unadjusted for BMI (Figures 1A-D) . The curve of cancer mortality in men became linear after adjustment for BMI ( Figure 1C ).
Additional analyses
We restricted our additional analyses to the four most relevant categories (i.e. underweight with a small WC, 'healthy' weight, overweight and obese combined with a large WC), because these categories gave the most consistent and strongest RRs in the main analyses.
The associations between the WC-BMI categories and all-cause and CVD mortality did not differ by age group (Appendix 2, Table 2 .1, 2.2, available as Supplementary Data at IJE online). Excluding the first 2 years of follow-up, or major chronic diseases at baseline, or only including never smokers did not change the interpretation of our findings (Appendix 3, Table 3 .1, Figure 3 .1, available as Supplementary Data at IJE online). We found some differences between the main analyses and additional analyses. After excluding the first 2 years of follow-up, we observed an RR of 1.6 (95% CI: 0.8-3.2) for CVD mortality risk in women with a 'healthy' weight and a large WC, compared with an RR of 2.2 (95% CI: 1.3-3.8) including all subjects. However, the additional analyses confirmed that for those with a large WC being in the 'healthy' weight category is associated with a higher RR (1.6) than the overweight category [RR ¼ 1.3; (95% CI: 0.8-2.0)]. Furthermore, the analyses for continuous WC showed a similar pattern for all-cause mortality (Appendix 3, Table 3 .1, Figure 3 .1, available as Supplementary Data at IJE online).
After exclusion of major chronic diseases at baseline, the RR for CVD mortality in underweight men was 2.5 (95% CI: 0.8-7.7) compared with an RR of 3.3 (95% CI: 1.5-7.3) including all men, but still this confirms that underweight is associated with CVD mortality with an RR of at least 2.0 (Appendix 3, Table 3 .1, Figure 3 .1, available as Supplementary Data at IJE online).
Results for never smokers were comparable to the total population, except for the CVD mortality risks in men with a large WC and overweight/obesity, which were higher among never smoking men (RR ¼ 2.2) than for the total population [RR ¼ 1.3 (overweight þ large WC]; RR ¼ 1.5 (obesity þ large WC)]. In women, the patterns of the curves for the continuous analyses of WC were similar, but in men the steepness of the curves differed. As a consequence, in never smoking men, higher WC levels were accompanied by lower RRs for all-cause mortality compared with the RRs in all men (Appendix 3, Table 3 .1, Figure  3 .1, available as Supplementary Data at IJE online). The numbers of studies used in the analyses differ because some studies did not have sufficient cases in a category. When analysing all categories with the same number of studies which had information on all categories, the relative risks changed max. by 0.2. NA: not available; if the number of studies was <5 then the RR for this category was not calculated, because of the low prevalence of these combinations.
Discussion
This meta-analysis of 29 cohort studies, which included a total of 58 609 elderly people of whom 4798 died during 5 years of follow up, showed that both an increased WC and underweight (according to BMI) were associated with an increased risk of all-cause, CVD and cancer mortality risk. Consistent with our study, others have reported stronger associations between WC (as a continuous variable) and mortality after adjustment for BMI. 5, 6, 11, 14, 21, 53 We also found that the RR of mortality in persons with a 'healthy' weight combined with a large waist was generally higher than for those with overweight and a large waist. These findings might be explained by body fat composition, in particular the proportion of hazardous visceral abdominal fat. 54 In contrast to other studies, we also found strong associations with increased risks of mortality, particularly from all causes and CVD, but also from cancer, without adjustment for BMI. 5, 6, 9, 12, 13 For respiratory diseases, a U-shaped association was observed between WC and mortality, whereas other studies reported an inverse association. 9, 12 Our results of the combined categories are difficult to compare with other studies as they have used different combined WC-BMI categories, reference categories, study groups or other outcome measures. 6, 12, 55 However, these studies also found that underweight was associated with higher risks of coronary heart disease in adults, 55 and all-cause and CVD mortality in the elderly. 12 In our study, all analyses were conducted in a similar manner by the original investigators addressing the specific age-range of 65-74 years. This may be the reason that in general there appeared to be no substantial heterogeneity between studies. We included two cohort studies, one restricted to only men, the other only women, which excluded WC (cm) 65 a In this figure, for the analysis adjusted for BMI, a minimum of 94 cm was used, because there was no longer a parabolic association participants with cancer at baseline in the original data and used self-reported data of WC and BMI. However, excluding these studies from the analyses did not change our results meaningfully (data not shown).
Another strength of the included studies is that no overrepresentation of higher estimates of RR among studies with low precision (i.e. small studies) was detected in our data suggesting no substantial selection bias (Appendix 4, available as Supplementary Data at IJE online). We had a low response, only 28 out of 100 investigators participated but reasons for non-participation depended primarily on lack of time or financial sources. We included cohort studies according to their study characteristics rather than the published analyses. This meta-analysis was conducted according to a specific analysis protocol, requiring new analyses for each cohort; the exact information (required for this study) was not available in the literature already. Therefore, we do not think there is any participation bias in our study. Also, the additional analyses excluding the first 2 years, excluding major chronic diseases at baseline and including only never smokers did not affect our main conclusions.
To keep all analyses as similar as possible, we did not adjust for covariates, such as diet, physical activity and socio-economic status. These variables differ between studies in operationalization, and are often self-reported and thereby less accurate. Furthermore, two studies showed no major differences between the crude and adjusted risks (for these covariates) of mortality associated with WC. 11, 14 However, this might not have been the case if more precise measures were included. Sui and colleagues reported an association between abdominal obesity (5102 cm, 588 cm) and all-cause mortality in adults 560 years [RR: 1.3 (95% CI: 1.0-1.6)], similar to our results, but this association attenuated after adjustment for cardiorespiratory fitness [RR: 1.0 (95% CI: 0.8-1.3)]. 56 This would imply that WC might not be independently associated with all-cause mortality and that cardiorespiratory fitness may be considered as an indicator instead. More research is needed to confirm these findings of Sui and colleagues, and to add evidence WC (cm) 65 to underpin practical application. Finally, our analyses did not account for weight loss or weight gain prior to baseline, which both can be predictive of mortality risk, 57 possibly due to underlying illnesses. However, the additional analysis when excluding major chronic diseases at baseline, did not affect the interpretation of our findings.
Another methodological issue is that the adjustment for BMI in the continuous analyses might have caused multicollinearity resulting in a less precise estimate with wide confidence intervals. However, in our analyses, the CIs were not substantially wider, which is supported by the lack of a near perfect correlation between BMI and WC (r < 0.95) and the variance inflation factor did not exceed 5.
In our study, underweight was associated with a high RR of mortality, which is commonly explained by underlying diseases or smoking. After excluding those with chronic diseases at baseline, or the first 2 years of follow-up, or including only never smokers this association persisted. This might be explained by the association of low BMI with malnutrition 58 and sarcopenia 59 which are in turn both associated with higher mortality risks. 60, 61 In addition, elderly people with underweight may have low-grade inflammation, 62 and might be frailer. 63 These mechanisms might contribute to the vulnerability for external hazards which can lead to death. More research into possible mechanisms is necessary to give more insight into the risk of mortality in underweight persons and give suitable recommendations for the treatment of the elderly.
Interestingly, we found lower all-cause and CVD mortality risks in the overweight category compared with the 'healthy' weight category within WC categories for both men and women, but only in men accompanied by a P < 0.05, probably because women had wider CIs. The lower risks within the overweight category are congruent with other studies which found that the lowest mortality risk was associated with overweight and an increased risk was in the 'healthy' weight category, indicating that the 'healthy' weight category might not be appropriate for the elderly. 12, [64] [65] [66] [67] An explanation for this finding could be the age-related decline in height among the elderly which might induce a false increase in BMI. 7 Furthermore, as mentioned above for underweight, these elderly persons with low BMI are prone to external hazards, whereas overweight might provide a metabolic buffer for diseases as previously reported in older people with chronic conditions. 68 Therefore, the cut-point of 25 kg/m 2 to indicate excess adiposity might not be appropriate for the elderly. We found that a large waist (5102 cm, men; 588 cm, women) was consistently associated with all-cause and CVD mortality within the 'healthy' weight, overweight and obese BMI category. This finding was supported by our continuous analyses which showed that an increased risk was associated with an increased WC either with or without adjustment for BMI. Furthermore, our results provide a solid basis for re-evaluation of currently defined cut-points for WC, which are based on adults aged 20-74 years. 15 From our continuous analysis, we found no relevant elevated mortality risks between the value of the lowest risk and the standard WC cut-points of 102 cm for men and 88 cm for women. This suggests that cut-points for the elderly should be defined at higher WC values. For CVD mortality, a 2-fold increased risk was seen at WC levels of 123 cm for men and 105 cm for women, which can be considered as clinically relevant (almost) beyond discussion. However, we do not suggest that these levels should be the new WC cut-points. Thresholds to be used in (clinical) guidelines should be based on opinions and consensus about the relevance of increased risks-as found in epidemiological studies-which can differ. For example, Heim and colleagues 69 suggested new WC cut-points of between 100 cm and 106 cm in men and 99 cm in women based on several health outcomes, 69 which especially in women is indeed higher than the currently advocated cut-points. 16, 17 In addition, when defining cut-points to be used in clinical guidelines, the absolute prevalence rates need to be considered for practical reasons. We performed additional analyses in seven cohorts (data not shown in the article) to illustrate this issue, which revealed that the prevalence rates sharply increased between a WC level of 123 cm (1-2%) and 102 cm (12-48%) in men, with a similar pattern in women. So, a level of WC in between would include a large part of the population that is at risk and needs to be treated according to clinical guidelines.
Conclusion
In this elderly population, we found increased mortality risks associated with an increased WC-even across BMI categories-and also with being underweight according to BMI. Clinicians should be made aware of the usefulness of WC to measure adiposity in order to determine mortality risk in the elderly. This meta-analysis provides a solid basis for re-evaluation of WC cut-points in ageing populations.
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